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Impact statement Abstract

This work provides an overview of research
currently being done exploring potential
drug delivery device strategies for NSAIDs
as an alternative to systemic delivery.
Commentary on this field is made in an
attempt to aid future experimental design,
enabling researchers to determine the
drugs and delivery vehicles which are most
advantageous for them to pursue, as well
as suggestions to standardize the reporting
of such future research.

Inflammatory processes are increasingly being identified at the core of many different dis-
ease states (e.g. heart disease, cancer, diabetes). As such, anti-inflammatory strategies
available through drug delivery have undergone renewed interest. Due to the systemic
side effects of steroidal drugs, non-steroidal anti-inflammatory drugs are often preferred
for long-term treatment of inflammation in a variety of applications. While non-steroidal anti-
inflammatory drugs are generally safe, there are some serious side effects that can be
associated with their usage, particularly when given systemically or orally. Due to the
high number of patients taking non-steroidal anti-inflammatory drugs, the reduction or elim-

ination of these side effects, such as is possible through local drug delivery, could have a very powerful effect on patient quality of
life. This review comments on a sampling of existing methods for localized or targeted delivery of non-steroidal anti-inflammatory
drugs, with the goal of helping future research groups to focus on bettering methods shown to be effective and filling the gaps of
knowledge in this field. Additionally, commentary is made on the field as a whole, and the standardization issues that arise from its

expansiveness and diversity.
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Introduction

There are a variety of treatments for inflammation, but by
far the most common is the administration of non-steroidal
anti-inflammatory drugs (NSAIDs). Each day, about 30 mil-
lion people take NSAIDs around the world." They are used
for the treatment of both acute and chronic inflammation,
and are highly effective in the majority of cases. Over 40
different NSAIDs have been discovered, and they are often
organized into multiple different classes based on structure
and anticipated risk. The majority of NSAIDs are complete-
ly absorbed, have negligible first-pass hepatic metabolism,
are tightly bound to serum proteins, and have small vol-
umes of distribution. NSAIDs vary in their elimination
half-lives, routes of administration, and tolerability pro-
files. Even though they are variable as a complete group,
NSAIDs within a class tend to have similar characteristics.
Some basic information on the NSAIDs mentioned in this
review can be seen in Table 1. Diclofenac and ibuprofen are
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the most widely used NSAIDs in the world. They are fol-
lowed by naproxen, indomethacin, piroxicam, and ketopro-
fen. Ibuprofen, naproxen, and aspirin are available over-
the-counter, and are used to treat anything from headaches
to post-surgical pain. However, the majority of the NSAIDs
used across the globe are prescribed in primary healthcare.'

When tissue experiences injury, due to things like infec-
tion or trauma, the body responds by initiating inflamma-
tion. In most cases, this inflammation is a good thing, and
causes eventual resolution of injury, including clearance of
the injurious stimuli and replacement of normal function.
Neutrophils are recruited immediately, followed by macro-
phages and monocytes in the coming days, and finally lym-
phocytes and plasma cells for tissue remodeling. However,
there are certain circumstances when acute inflammation
transforms into chronic inflammation, or when even acute
inflammation is undesirable (often due to severe pain and
loss of function). In these cases, NSAIDs can be used to
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reduce or halt the inflammatory process, to increase quality
of life and/or wound healing.

Regardless of their class, all NSAIDs have the same
method of action: reduction of prostaglandin levels.
Prostaglandins promote inflammation by regulating vaso-
dilation and platelet aggregation, and are found in most
every tissue in the human body, as they can be produced
by any nucleated cell. There are multiple types of prosta-
glandins, and their production is catalyzed by two forms of
the cyclooxygenase (COX) enzyme: COX-1 and COX-2.
NSAIDs act as reversible inhibitors of the COX enzyme,
binding to a polar arginine molecule, found in both forms
of COX, and inhibiting enzymatic function through steric
hindrance.” This inhibition reduces the level of prostaglan-
dins produced, thereby reducing pain and fever. This pro-
cess can be seen in Figure 1. Prostaglandins produced by
the COX-1 enzyme, which is responsible for baseline pros-
taglandin levels, have functions to support blood clotting
and protect the lining of the stomach from the highly acidic
gastric environment. The blocking of COX-1 enzymes, and
the loss of these desirable regulatory functions, causes the
unsavory side-effects associated with NSAID usage: stom-
ach ulcers and excessive bleeding.'

NSAIDs that selectively target only COX-2 have been
developed. The active site of COX-2 is slightly larger than
that of COX-1, allowing selectivity to be achieved through
the use of drugs which are too bulky to access the polar
arginine in COX-1.2 However, celecoxib is the only selective
drug available in the United States. Previously developed
COX-2 selective drugs, such as rofecoxib and valdecoxib,
were ultimately withdrawn from public use due to the
increased risk of heart attack and stroke which developed
with chronic (systemic) use. Therefore, the vast majority of
patients receive non-selective NSAIDs, and take them
orally. When administered systemically in this way, these
drugs can commonly cause a variety of side effects such as
nausea, vomiting, abdominal pain, heartburn, dizziness,
and headache. The more serious side effects associated
with NSAIDs are heart attack, stroke, stomach ulcers, and
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Figure 1. Mechanism of action of NSAIDs - the non-selective inhibition of
cyclooxygenase (COX) enzymes causes reduction in prostaglandin production,
causing both anti-inflammatory therapy and undesirable side-effects. (A color
version of this figure is available in the online journal.)
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stomach bleeding. These side effects occur due to the base-
line levels of prostaglandin being lowered throughout the
entire body, in both tissues that are exhibiting inflammation
and those which are not. While the latter, more life-
threatening, side effects are far less common, they are of
significant concern to patients who already have heart dis-
ease or are otherwise in poor health.

Due to these side-effects, there has been a recent move-
ment away from the systemic administration of NSAIDs.
Other anti-inflammatory drugs, such as naturally-derived
small molecules, are being explored for widespread usage.
These alternate therapies have multiple mechanisms
through which they mitigate inflammation, and come
with their own side-effects. Therefore, it is more advanta-
geous to focus on the improvement of the current NSAID
treatments that are available, as they are generally very
effective. Localized and targeted delivery are attractive
alternate forms of NSAID administration due to their abil-
ity to eliminate off-target effects. Drug that is delivered
locally reaches therapeutic concentrations only where it is
injected or implanted. This eliminates any side effects that
are seen in a specific site alternate to that where undesired
inflammation is occurring. In the case of NSAIDs, this
would include the effects on gastric acid and GI mucus in
the stomach, when the delivery vehicle resides elsewhere.
Targeted delivery circulates throughout the entire body, but
is protected from exhibiting therapeutic effects in locations
that are not desired, such as the stomach, resulting in the
same off-target protective effects.

If NSAIDs could be delivered in a smarter fashion, either
through targeted or localized delivery, their related system-
ic side effects would be drastically reduced, if not eliminat-
ed entirely. There are multiple research groups which have
done work to achieve this goal, and this review will outline
only a sampling of them, with the intention of quantifying
the methods which are commonly done and the ones which
stand out as successful. With this information, it is the
authors’ hope that research groups will tailor their future
experiments to fill the gaps of knowledge in this field.

Common NSAIDs in
anti-inflammatory treatment

While over-the-counter NSAIDs are commonly known to
the general public, it is prescription-grade NSAIDs which
are more often used in the United States.’ Due to the wide-
spread usage of prescription-grade NSAIDs such as diclo-
fenac, and the ease of accessibility of over-the-counter
drugs such as ibuprofen, extensive research has been
done on both drug types. Here we explore 11 commonly
used NSAIDs, which are shown in Table 1.

It does not appear that there are specific NSAIDs which
necessarily lend themselves to one form of delivery more
than another. These 11 NSAIDs have similar molecular
weights: between 160 and 390 g/mol. They are all slightly
soluble or insoluble in water, and are simple hydrocarbons
(composed primarily of carbon, hydrogen, and oxygen). As
mentioned previously, celecoxib is the only COX-2 selective
drug in this list. Their differences are in distribution and
half-life in the body. Distribution can be understood by
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looking at each drug’s volume of distribution, which rep-
resents the theoretical volume that would be necessary to
contain the total amount of an administered drug at the
same concentration that it is seen in the blood plasma.
Low volumes, like those of ibuprofen, naproxen, and pir-
oxicam, indicate that drug is primarily confined to the
plasma. High volumes, like celecoxib, indicate much
higher distribution and accumulation in body tissue. The
more common diclofenac and ibuprofen have limited half-
lives, at around 2 h. Ketoprofen, aceclofenac, and indo-
methacin persist slightly longer - from 4 to 5 h - while
naproxen, meloxicam, celecoxib, piroxicam, and nabume-
tone have longer half-lives, and are typically taken only
once per day to maintain therapeutic levels.

When administered orally (systemically), half-lives
determine the time between dosages required to achieve
and maintain therapeutic concentrations. When these
drugs are translated into implanted or otherwise constant
drug delivery systems, half-lives determine the release rate
required to achieve these same concentrations. The high
usage of diclofenac and ibuprofen suggests that a shorter
half-life is not a major concern therapeutically. For drug
delivery systems which have rapid release profiles, this
makes sense, as it allows for quick introduction and clear-
ance of drug. However, as the need for chronic therapy
increases, it may be advantageous to more strongly consid-
er NSAIDs which will persist longer. These drugs would
require a smaller continuous release dosage, due to
increased persistence in the body. By reducing the
amount of drug which must be released over a given
time, delivery time frame can be prolonged without
increasing the original loading amount required.
Generally, it seems that NSAIDs should be chosen on a
case by case basis. While diclofenac and ibuprofen are
very common, they might not always be the best NSAID
for the job, due to any one of their pharmacologi-
cal properties.

Delivery vehicles

Research has been done on the release of NSAIDs from a
wide variety of different delivery vehicles. For this review,
these have been broken down into six categories. The cat-
egories cover a wide range of inflammation causes and
diseases, from biomedical implants to osteoarthritis and
wound healing. Each vehicle comes with its own advan-
tages and disadvantages, and lends itself to certain medi-
cal treatments.

Systemic targeting and/or encapsulation

Systemic delivery is the administration of drug into the
circulatory system, so that the entire body is affected.
This is the approach which is currently used for most
NSAID treatments. This traditional administration via the
circulatory system can be improved upon through
the introduction of targeting moieties or encapsulation of
the drug, in an attempt to only allow drug affects to
take place in specific locations, to reduce effects in areas
of the body which are off-target. The major advantage of

targeting and encapsulation is an added barrier between
drug and the gastric mucosa.'” This barrier serves a dual
purpose. It protects the drug from degradation in the stom-
ach, and from the full effects of first pass metabolism,
increasing its bioavailability. It also protects the stomach
from the drug, reducing the effects that it exerts at that
site. In the case of NSAIDs, reduced effects at the stomach
are especially advantageous as this helps to reduce the
stomach ulcers and bleeding which can be caused by
NSAID use (Table 2).*%

Even with these barriers, NSAIDs will travel throughout
the body, and can affect areas which are not currently
experiencing inflammation. While encapsulation and tar-
geting can reduce these off-target effects, delivery vehicles
of this type have yet to eliminate the side-effects associated
with systemic administration. The methods listed in this
review are all improvements on the current standard, and
the majority are in the very early stages of development,
with primarily characterization experiments and little in
vivo experimentation. This category is included for com-
pleteness of the field.

Local injection

Delivery vehicles which can release drug in a localized area
are advantageous because they eliminate off-target effects
entirely, and require smaller dosages to achieve the
required local therapeutic concentration. Local delivery
vehicles do not need to travel through the circulatory
system, and are instead introduced to just the area
experiencing inflammation. Local delivery vectors are
doubly advantageous when they do not require any
excess surgery to implant. In cases where the vehicle is
small enough and has a low enough viscosity to pass
through a needle, the introduction of this delivery system
to the body is facile (Table 3).°" Typical systems which
have these desired properties are nanoparticles or conju-
gate sys’cems.26’29’30

While long-term delivery is not required for this type
of delivery, it is advantageous as osteoarthritis is the
main research focus for this vehicle type.?***
Injections into affected joints, such as knees, can be
done as required, but fewer injections are preferred for
higher patient compliance. In this category, there are two
papers which show impressively long release profiles
and long-term therapeutic efficacy. A PEG diclofenac con-
jugate produced by Sulistio et al. shows drug release for
over 100 days in preliminary in vitro testing, and a vis-
cous polymer loaded with ketoprofen shows release for
about three months in similar in vitro conditions.”** In
these cases, patients need injections only four to five
times a year to experience significant pain relief and
increased quality of life.

Localized delivery

Localized delivery is one of the largest categories explored
in this review due to its loose definition and the high
number of different vehicle types that can be applied.
Local injection is technically a subcategory of this field,
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Table 2. NSAID delivery via systemic targeting and encapsulation.*2°

Delivery
Citation Vehicle type Material NSAID time frame Treating
Systemic targeting/encapsulation 4 Hydrogel Carrageenan-PAA Diclofenac >24 h
Systemic targeting/encapsulation 5 Hydrogel Chitosan Diclofenac 1 day Gastrointestinal
delivery
Systemic targeting/encapsulation 6 Hydrogel Chitosan/PVA Diclofenac 1 day
Systemic targeting/encapsulation 7 Aerogel Pectin-zinc Diclofenac 7h
Systemic targeting/encapsulation 8 Nanoparticles PLGA/chitosan Diclofenac 7-9 days
Systemic targeting/encapsulation 9 Beads (1 mm) PVA-g-PAAmM and Diclofenac 6 h 40 min Colon-specific
sodium alginate
Systemic targeting/encapsulation 10 Microspheres PVA/PAA Diclofenac ~h Deliver to
intestine
Systemic targeting/encapsulation 11 Beads TSP-alginate Diclofenac
Systemic targeting/encapsulation 12 Microcapsules, Alginate-PLL, PLGA Ibuprofen 14 days
microparticles
Systemic targeting/encapsulation 13 Nanoparticles Chitosan/TiO2 Ibuprofen 24-54 h
Systemic targeting/encapsulation 14 PDCs — micellar ~ mPEG-PPF Ibuprofen 8 days 8 h Arthritis and
nanostructure cancer
Systemic targeting/encapsulation 15 Nanoparticles Solid lipid Ibuprofen, 6 days
Ketoprofen,
Nabumetone
Systemic targeting/encapsulation 16 Microparticles Ethylcellulose Ketoprofen 1 day
Systemic targeting/encapsulation 17 Electrospun PVA Ketoprofen 14 days
nanofiber
mat/films
Systemic targeting/encapsulation 18 Prodrug Varying saccharide chains  Ketoprofen >10 days
(glucose, mannose,
galactose, lactose)
Systemic targeting/encapsulation 19 Nanoparticle Poly(mPEGMA-co-MAA) Meloxicam >72 h Rheumatoid
hydrogel arthritis,
osteoarthritis
Systemic targeting/encapsulation 20 Nanosponges f-cyclodextrin Meloxicam >24 h
Systemic targeting/encapsulation 21 Lipid-core nano Meloxicam Not reported
capsules
Systemic targeting/encapsulation 22 Microspheres Hydroxypropyl cycloso- Naproxen 3 days
phoraose-pullulan
Systemic targeting/encapsulation 23 Micelles mPEG-PCL copolymer Naproxen 4 days 4 h
Systemic targeting/encapsulation 24 Nanotubes Silica Naproxen 50 m Chronic
inflammation
Systemic targeting/encapsulation 25 Sol-gel Zirconium(lV) propoxide/ Naproxen >24 h
tetraethyl orthosilicate
and chitosan (TECN
and MC@2)
NSAID: non-steroidal anti-inflammatory drug.
Table 3. NSAID delivery via local injections.?6-%°
Citation Vehicle type Material NSAID Delivery time frame Treating
Local injections 26 Conjugate PEG Diclofenac >100 days Osteoarthritis
Local injections 27 Prodrug Diclofenac 2days7h Osteoarthritis, injury
Local injections 28 Gel Poloxamer Ibuprofen 2 h 11 min Epidural injection
Local injections 29 Viscous polymer PLG Ketoprofen 33 days
Local injections 30 Nanoparticles Alginate/chitosan/ pluronic Meloxicam Osteoarthritis

NSAID: non-steroidal anti-inflammatory drug.

and some vehicles listed here may have the potential for
injection with lower gauge needles.’**”~***> However, in
this review, only vehicles which are specifically formulated
for injection were removed from the greater localized deliv-
ery category. Hydrogels,>*° microparticles,*>*’
spheres,37’45 films/ membranes, >34 and fibers

micro-
41,44,46

are all vehicle types that can be used to deliver drugs locally
(Table 4).*'"* These vehicle types require surgery to
implant if too large to inject, unless they are used in peri-
odontal applications, where the mucosa allows for drug
penetration at the surface.****>% PLGA and chitosan
seem to be common materials for this type of delivery,
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Table 4. NSAID delivery via localized delivery.®'=46
Citation  Vehicle type Material NSAID Delivery time frame Treating
Localized delivery 31 Hydrogel PCLA-PEG-PCLA Celecoxib 100 days (in vitro), Osteoarthritis
4-8 weeks (in vivo)

Localized delivery 32 Microparticles  PLGA Celecoxib 60 days Diabetes in eye
Localized delivery 33 Nanostructure  poly(N-methacryloyl Diclofenac 4 h Dermal and oral delivery

membrane glycine)/Bacterial

nanocellulose
Localized delivery 34 Film PP Diclofenac, ~h, 1 day Graft modification
Ibuprofen

Localized delivery 35 Film PLGA Ibuprofen 10 days
Localized delivery 36 Fibrous PLGA Ibuprofen 70 days Tissue anti-adhesion barrier

membrane
Localized delivery 37 Microspheres ~ PLGA/PVA/Gelatin Ibuprofen 63 days Osteoarthritis
Localized delivery 38 Microtubes Polycaprolactone (PCL) Ibuprofen 30 days Peripheral nerve regeneration

(nerve guidance conduits)
Localized delivery 39 Hydrogel Anionic nanofibrillar Ketoprofen >72h
cellulose

Localized delivery 40 Microparticles  PHB/chitosan Ketoprofen 2.5 days
Localized delivery 41 Electrospun PLA Ketoprofen 12.5 days

nanofibers
Localized delivery 42 Membrane Polyurethane matrix Ketoprofen 2h
Localized delivery 43 Electrospun Chitosan/PVA/HA Meloxicam 1 day Periodontal disease

fibers/films
Localized delivery 44 Electrospun PCL Naproxen

nanofibers
Localized delivery 45 Microspheres ~ Polyorganophosphazene  Naproxen 33 days 8 h Periodontal disease
Localized Delivery 46 Electrospun Chitosan/HA/PVA Piroxicam 5h Periodontal disease

fiber mat

NSAID: non-steroidal anti-inflammatory drug.
Table 5. NSAID delivery via implant coating and incorporation.*”~>°
Delivery

Citation  Vehicle type Material NSAID time frame  Treating

Implant coating/incorporation 47 Bone tissue engineering PLGA/PEG Diclofenac 60 days Bone fracture
scaffold and defects
Implant coating/incorporation 48 Aerogel coating Pectin-Xanthin Diclofenac, 1 day Orthopedic
indomethacin implants

Implant coating/incorporation 49 Nanotubes PLGA/TiIO2 Ibuprofen 7 days Titanium implants
Implant coating/incorporation 50 Aerogel microspheres Starch into PCL Ketoprofen 3 days Bone repair

NSAID: non-steroidal anti-inflammatory drug.

likely due to their ability to biodegrade, eliminating the
requirement to remove the vehicle once drug delivery has
concluded. There does not seem to be a clear preference to
deliver certain NSAIDs over others, and many combina-
tions of NSAID and material/vehicle types have
been researched.

Periodontal disease, inflammation of tissue surrounding
the teeth, is a good candidate for localized delivery due to
the accessibility of the area. Drug-loaded fibers or mats can
be placed with precision into the mouth, easily raising the
drug concentration at the site of disease.*>*>*® Other spe-
cific instances where localized NSAID delivery is desirable
are the treatment of diabetic retinopathy in the eye® and
tissue anti-adhesion barriers used in many surgical proce-
dures.*® In these cases, inflammation is highly localized at a

site, allowing local delivery to ameliorate all symptoms
without affecting off-target areas.

Implant coating and/or incorporation

Inflammation is the body’s natural tissue response to injury
and infection, but biomedical implants are a very common
perpetuator of undesirable inflammation. When inflamma-
tion affects the body long-term at implant sites, it can cause
fever and pain, or even necessitate an implant removal.
Since adding a drug delivery component to such an
implant may be an easy step, such implants have been
one of the primary areas developing new delivery strate-
gies (Table 5).*7°° This category contains any localized



delivery vehicles that interact with the implant itself, such
as coatings®® or alterations to the implant material.****°

In this application, it is also advantageous to have
release profiles on a very long-time scale, as most biomate-
rial implants are meant to stay in the body long term, and
there is usually no opportunity for addition of new or addi-
tional drug. While inflammation reduction on a shorter
time scale is helpful for things such as wound healing, a
chronic time scale must be achieved in order to keep the
body from consistently reacting to the implant.
Additionally, inflammation may interfere with bone heal-
ing and regeneration, a long-term process which is impor-
tant for common implants such as total hip or knee
replacements.

In Table 2, there are four sub-categories listed in the
implant category, each with differing NSAIDs, vehicle
types, and material. A good example for this category is
the successful creation of a PLGA /PEG bone tissue scaffold
by Sidney et al.*” which releases diclofenac for a period of
greater than eight weeks. This scaffold, which was created
to help heal bone fractures and defects, meets both acute
and chronic needs. An initial “burst” release of drug helps
to reduce any pain that comes with the introduction of the
implant, while a smaller dosage long term helps to reduce
inflammation at the site of implantation, allowing bone
tissue to grow into the scaffold. This is shown via an in
vitro osteoblast inflammation model. Experiments in this
category which are less successful are those with only
short-term release, such as the aerogel coating produced
by Horvat et al.*® This coating was developed for total hip
replacements, and once again diclofenac was chosen as a
delivered drug. However, drug release from this coating
lasted only about 24 h in vitro, covering only short-term
inflammation, even though hip replacements are meant to
last around 20 years.

The papers explored in this review do not seem to indi-
cate a clear path forward in this category in terms of deliv-
ery vehicle or material. However, the success of long term
delivery indicates that this is a category with promise, that
should continue to be a focus for future research, perhaps
with NSAIDs that exhibit a longer half-life than diclofenac.

Haley and Recum Localized and targeted delivery of NSAIDs

Wound dressings and sutures

Sutures exist to help the body heal after injury, and are a
good candidate for localized drug delivery because, like
many local delivery vehicles, they already exist at the
injury site (Table 6).”'~ The reduction of inflammation at
the site of injury is dually advantageous. NSAIDs can help
to suppress both pain and infection, which helps with
patient quality of life and wound healing.” During
wound healing, the inflammatory phase lasts on the scale
of hours to weeks. Therefore, effects on inflammation
should last for the same amount of time, in order to be
most successful. Delivery vehicles which exhibit only
burst release are not useful in this application. Keeping
with this understanding, the shortest release curve
reported in this sampling of research is a little over 2
days,”” while the longest is up to 70 days.>

Delivery vehicles in this category are either integrated
with or coating existing sutures,”**® or novel materials
for sutures®*>>° Due to the mechanical properties
required of surgical sutures, both fabrication types must
consider mechanical effects. In order to match the current
standard, they must meet the mechanical requirements that
come with their usage, and are also preferred to be biode-
gradable. Because of this, biodegradable polymers such as
PLGA and PCL are commonly used.”*°**® The advan-
tages of coating existing sutures include higher baseline
mechanical strength, and overall simplicity of fabrication.
However, de-lamination and inconsistent coating are
potential downsides which do not occur when novel
entire sutures are created. Both approaches have merit,
and both seem to accommodate all NSAIDs, making them
deserving of further research.

Topical and transdermal delivery

The administration of drug through the skin is very simple
in concept, and very difficult in reality. There are very few
drugs which naturally lend themselves to this delivery
method, as molecular weight, hydrophilicity, half-life,
and dosage are all factors which can make or break a suc-
cessful topical delivery.®* However, topical delivery is an
attractive option for its ease of use and high patient

Table 6. NSAID delivery via wound dressings and sutures.®'™°
Delivery
Citation Vehicle type Material NSAID time frame Treating

Wound dressing/sutures 51 Electrospun sheath PLGA Aceclofenac 7-10 days Suture
Wound dressing/sutures 52 Melt-spun fibers PCL and HT Diclofenac 50-70 days Suture
Wound dressing/sutures 53 Fiber PLGA Diclofenac 7 days Suture, pain
Wound dressing/sutures 54 Microgel films PAH-Dextran, HA Ibuprofen 10 days 10 h Suture, healing
Wound dressing/sutures 55 Coating PLA/PCA/PTMC 10/60/30 Ibuprofen 20 days Suture, healing
Wound dressing/sutures 56 Sheet PLGA Ibuprofen 6 days Suture, pain
Wound dressing/sutures 57 Fibrous membrane Chitosan-poly(s-caprolactone) Ketoprofen 2 days 2 h Wound healing
Wound dressing/sutures 58 Membrane Polycaprolactone (PCL) Ketoprofen 14 days Wound healing

membranes with

tetraethylorthosilicate

(TEOS)—chitosan sol-gel
Wound dressing/sutures 59 Electrospun Cellulose acetate (CA) Naproxen 12 days Wound healing

nanofibers

NSAID: non-steroidal anti-inflammatory drug.
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Table 7. NSAID delivery via topical delivery.5%="°

Delivery
Citation Vehicle type Material NSAID time frame Treating
Topical and transdermal delivery 60 Film Polyox and Carrageenan Diclofenac
Topical and transdermal delivery 61 Membrane PVA/Chitosan Ibuprofen 3 days Wound healing
Topical and transdermal delivery 62 Hydrogel Xanthan Ibuprofen >12 h
Topical and transdermal delivery 63 Transdermal patch Drug-in-adhesive (MDIA)  Meloxicam >24 h Osteoarthritis
Topical and transdermal delivery 64 Nanoethosome gel Ethosomes Meloxicam >24 h Edema
Topical and transdermal delivery 65 Micro needle patch Low-molecular Meloxicam >24 h Arthritis
weight PVA and
polyvinylpyrrolidone
Topical and transdermal delivery 66 Nanoparticles Solid lipid Naproxen >24 h
Topical and transdermal delivery 67 Electrospun mat TPU Naproxen Acute
Topical and transdermal delivery 68 Electrospun mat TPU Naproxen
Topical and transdermal delivery 69 Electrospun PVA Sodium salicylate, 1-25h
nanofiber mat diclofenac,

naproxen,

indomethacin
Topical and transdermal delivery 70 Electrospun fiber mat PVA Sodium salicylate, Variable

diclofenac,

naproxen,

indomethacin

NSAID: non-steroidal anti-inflammatory drug.

compliance (Table 7).°°7° Additionally, once drug manages
to get past the stratum corneum, the outer barrier of the
skin which impedes delivery, it can reach high concentra-
tions locally. This is an attractive goal for both wound
healing®" and the treatment of osteoarthritis.®>*

Meloxicam is one of the few NSAIDs which has consis-
tently been shown to be a very promising candidate for this
method, primarily due to its high permeability and low
solubility.64 As mentioned prior, most NSAIDs have low
solubility, but permeability is a different matter. For exam-
ple, naproxen, even though it was used in a number of
topical delivery experiments,®®”" has poor bioavailability
when absorbed through the skin.?® In contrast, there are
successful delivery vectors such as patches®*® and gels®*
which release meloxicam to achieve desired concentrations.
These formulations were shown to deliver a full day’s treat-
ment in vitro. Due to the ease of use of gels and patches,
daily administration is acceptable for control over condi-
tions such as osteoarthritis.

Correlation between NSAIDs and
delivery vehicles

While detailed information can be gleaned from looking at
each vehicle type individually, it is also helpful to see the
usage of certain NSAIDs in certain vehicle categories,
regardless of material or release profile. Therefore, the
same information from Tables 2 to 7 has been represented
in a simpler format in Table 8. From the table, it can be seen
that certain drugs are highly prevalent and have been
tested across several different platforms and for many dif-
ferent diseases. Other drugs, which might be equally effi-
cacious, seem to be relatively untested in key applications.
In this format, it is easy to visualize the NSAID and vehicle
combinations which have either been researched extensive-
ly or not at all. Diclofenac and ibuprofen have been

researched extensively across all vehicle types, regardless
of efficacy. In contrast, the latter six NSAIDs have been
researched very sparingly. In order to fully explore this
field, it may be advantageous to avoid re-doing experi-
ments with diclofenac and ibuprofen which have already
been shown to be non-ideal, and instead focus on lesser
used NSAIDs which may have as of yet undiscovered
advantages when delivered in alternate fashions.

Discussion

Although NSAIDs share similar mechanisms of action and
many chemical properties, there are delivery applications
in which certain NSAIDs show higher potential for success-
ful and effective anti-inflammatory treatment. While diclo-
fenac and ibuprofen are most commonly used, they may
not be the optimal drug for all applications.

In topical and transdermal delivery, the drug must be
able to permeate through the skin, a feat which is not easily
accomplished by all NSAIDs. While diclofenac and ibupro-
fen have been used in delivery of this type, meloxicam is
more suitable for this approach due to its improved avail-
ability through this route. Future research in this area
should consider features such as enhanced permeation
properties, and not just resort to conventionally used drugs.

In wound dressing and sutures, NSAID compatibility is
limited by the impact of the drug on the material’s mechan-
ical effects. Any alterations to a surgical suture must not
decrease the mechanical properties of the fiber. If the hope
is to replace current treatment, drug-loaded sutures must
perform at or better than existing technology to be easily
implemented by physicians. While mechanical testing
was not a particular emphasis of this review, it is important
to keep in mind for these applications. Similarly, implant
coating or drug incorporation comes with similar concerns.
Significantly altering the mechanical properties of an
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Figure 2. Publication incidence of total drug release times rounded to full hours, days, or weeks. Color indicates categorization into the proposed “Burst,” “Short-
term,” and “Long-term” definitions, where burst < 24 h, short-term is < 4 weeks (when cell infiltration and neutrophil activity dominate healing), and long-term > 4
weeks (when macrophage/monocyte activity and tissue remodeling dominate healing).
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Figure 3. Publication incidence of total drug release times categorized into the
proposed “Burst,” “Short-term,” and “Long-term” definitions, where burst <24 h,
short-term is <4 weeks (when cell infiltration and neutrophil activity dominate
healing), and long-term >4 weeks (when macrophage/monocyte activity and
tissue remodeling dominate healing).

Currently, these terms seem to have vague meanings, with
“long-term” specifically being used to describe continuous
release lasting anywhere from 24 h to two to three months.
While this information is usually available in the text, it
would be useful to standardize time frames associated
with them. This way, they could be used to make literature
searches or when determining new delivery vehicles that
would be appropriate for a certain therapy.

One possible standardization strategy is to use other,
previously defined medical terms (e.g. acute and chronic)
as the basis for standardization of drug delivery terms.
“Short-term” delivery could be defined as a system where
a high percentage of the drug (e.g. 80%) is released within
the first four weeks of implantation, where high cell infil-
tration and neutrophil activity dominate the wound heal-
ing process. “Long-term” delivery could be defined as a
system where the bulk of the drug is released past the
four-week window, where macrophage/monocyte activity
and tissue remodeling dominate the wound healing pro-
cesses. “Burst” delivery should be defined as instantaneous
or near instantaneous systems (e.g. 80% of drug available in
hours to days), with only slight improvement over free
drug administration. The distribution of reported release
times can be seen in Figure 2, in addition to the proposed
categorizing of rates (Figure 3).

The final, and possibly most important, standardization
which is currently lacking from the literature is a consistent
protocol for in vitro release experiments. Currently, there is
high variability in regards to the level of drug sink envi-
ronment in which in vitro drug release experiments are

performed. In this case, the sink is taken to mean the
removal of media containing drug, and replacement of
this with fresh media. This replacement represents the
body’s ability to remove the drug released from a delivery
vehicle through transport, metabolism, or elimination.
Sinks take on many forms, continuous replacement vs.
batch replacement; partial replacement vs. complete
replacement; simple media (e.g. phosphate buffered
saline) vs. complex and hydrophilic media (e.g. serum,
albumin, detergents). While it is well known that drug dif-
fusion follows biological sinks, there is only sparse data
linking the effect of the in vivo sink to the nature of each
fabricated sink in vitro. Alterations to these sink parameters
can have drastic effects on the release profile, making it
difficult to both compare against existing data and extrap-
olate the results to in vivo conditions.

Conclusions

There are a multitude of studies currently being done
exploring potential drug delivery device strategies for
NSAIDs as an alternative to systemic delivery. Systemic
delivery has been shown to cause deleterious side effects,
and the mitigation of these side effects is highly desirable,
due to the wide-reaching applications of anti-inflammatory
drugs. While many of these studies are still in the early
stages of development, there is enough data to conclude
that the field as a whole could be improved by smarter
choices of both vector and NSAID types. These choices
will depend heavily on the delivery application. Some,
like transdermal delivery, require very specific properties
to function correctly. Others, like local delivery, have far
fewer considerations. There have been successes in this
field, but there have also been avoidable failures, due to a
lack of standardization and compilation of resources. As
the field continues to expand, literature reviews such as
this will become vital to aid future experimental design,
enabling researchers to determine the drugs and delivery
vehicles which are most advantageous for them to pursue,
and eventually to determine optimal NSAID delivery sys-
tems for clinical use.
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